ϩ implantation into Mg-doped GaN, followed by thermal annealing in N 2 was performed to achieve n ϩ -GaN layers. Multiple implantation was used to form a uniform Si implanted region. It was found that the carrier concentration of the films changed from 3ϫ10 17 cm Ϫ3 ͑p-type͒ to 5 ϫ10 19 cm Ϫ3 ͑n-type͒ when the samples were annealed in N 2 ambient at 1000°C. The activation efficiency of Si in Mg-doped GaN was as high as 27%. In addition, planar GaN n ϩ -p junctions formed by Si-implanted GaN:Mg were also achieved.
I. INTRODUCTION
In the mid-1970s, Pankove et al. performed the first ion implantation study using GaN as the host material, 1 and reported the photoluminescence properties of the implanted GaN with different implantation elements. In the first half of the 1990s, researches on ion implanted GaN were mostly concentrated on the realization of p-type materials. However, the ionization energy of the implanted group II elements, such as Zn, Mg, Be, and Cd, etc., in GaN are considerably large and thereby results in a low activation efficiency. 2 Thus, only few successes in p-type GaN were achieved by ion implantation technique. 3, 4 Ion implantation is also useful to achieve heavily doped layer with a low specific contact resistance ( c ) in selected areas of GaN optoelectronic devices, especially for n-type implantation. Previous reports have shown that Si ϩ implants can be efficiently activated in n-type GaN by N 2 -ambient annealing at temperatures у1000°C. [5] [6] [7] [8] In this study, n ϩ -GaN films were formed by 
II. EXPERIMENT
In this study, Mg-doped GaN samples were first grown on c-face sapphire substrates by metalorganic vapor phase epitaxy ͑MOVPE͒. 9 Hall-effect measurement showed that the hole concentration and mobility of the as-grown p-type GaN was 3ϫ10 17 15 cm Ϫ2 /200 keV, respectively. The overall implanted depth was about 0.6 m. After implantation, the samples were capped with another GaN wafer and annealed in an N 2 -ambient furnace at different temperatures ͑i.e., 750-1000°C͒ for 30 min. In contrast to previous reports, [5] [6] [7] the AIN cap layer was not used and the postimplantation annealing temperature was relatively low in this study ͑i.e., lower than the GaN growth temperature͒. Samples were then cut into 5ϫ5 mm 2 , and Ti/Al ͑Ref. 10͒ dots were evaporated onto sample surface to form electrical contacts in Van der Pauw geometry for Hall effect measurements. Furthermore, the specific contact resistance ( c ) of Ti/Al/Pt/Au Ohmic contacts on these 28 Si ϩ implanted n ϩ -GaN were measured by the transmission line model ͑TLM͒. The TLM patterns were formed by standard photolithography technique. The thickness of each metal layer is 30 nm, 100 nm, 50 nm, and 150 nm in sequence for Ti, Al, Pt, and Au, respectively. After the formation of TLM patterns, rapid thermal annealing ͑RTA͒ in N 2 -ambient with temperatures ranging from 500°C to 650°C was performed. Room temperature I-V characteristics of the TLM patterns and GaN n ϩ -p junction were measured by using an HP4145B semiconductor parameter analyzer. Figure 1 shows the resistivity of Si-implanted GaN:Mg as a function of annealing temperature. We should note that, prior to Si implantation, the resistivity of p-type Mg-doped GaN annealed at 750°C in N 2 ambient was around 1.5 ⍀ cm. The as-implanted samples show a near insulating property. However, the implanted samples changed from p-type to n-type after postimplantation N 2 -ambient thermal annealing. It was also found that the resistivity of the implanted samples decreased as the annealing temperatures increased. The lowest resistivity we obtained was two orders of magnitude lower than those of typical p-GaN samples. Such a result indicates that the implanted Si atoms were efficiently activated after annealing. In this study, we limited our annealing temperatures to 1000°C so as to prevent severe dissociation occurred at sample surface. Figure 2 shows the electron concentration measured at different temperatures for the 750°C annealed and 1000°C annealed samples. It was found that the ionization energy of the 750°C annealed sample is about 28 meV. This value is close to the previous reported values. [11] [12] [13] [14] At high temperatures, the 750°C annealed sample exhibited a typical thermally activated electron concentration profile. That is the electron concentration decreases as the temperature decreases. However, when the temperature is lower than 150 K, the electron concentration appears to increase again, indicating the onset of the impurity band conduction. On the other hand, the electron concentration of the 1000°C annealed sample maintained at approximately 5ϫ10 19 cm Ϫ3 even at low temperatures, is also shown in Fig. 2 . Therefore, the ionization energy was almost zero for the 1000°C annealed sample. In other words, electron concentration is independent on temperature. This phenomenon is usually observed in highly doped semiconductors since the impurity band is widened and merged with the conduction band 15 in the highly doped semiconductors. Figure 3 shows the sheet electron concentration ͑Ns͒ and Hall mobility of the Siimplanted GaN:Mg as a function of annealing temperature. It was found that Ns increased as the annealing temperature increased. In other words, the activation efficiency increased from 0.4% to 27% as the annealing temperature increased from 750°C to 1000°C. The highest Ns we obtained in this study is around 3ϫ10 15 They commented that significant implantation damage remains even after high-temperature annealing, and the activation of Si atoms seems to be insensitive to implantation damages. In other words, the damaged lattice could not be effectively recovered even with an 1100°C thermal annealing. Figure 4 shows the x-ray spectra of Si-implanted GaN:Mg samples annealed at different temperatures. For the as-implanted sample, we can clearly observed an x-ray shoulder peak originated from the Si-implanted surface layer. It was also found that high temperature thermal annealing can indeed partially recover the damaged layer as evidenced by the decrease of x-ray shoulder peak intensity. Although the sheet electron concentration increased significantly after thermal annealing, as shown in Fig. 3 annealing. 7 However, under such a high temperature annealing, dissociation occurred at the GaN surface will be imperative. It is well known that ion implantation would induce anisotropic strain in the lattice. Thus, high-temperature and capped thermal annealing may be needed to remove the implantation-induced damage in GaN and to prevent GaN surface from severe dissociation. 16 By diffusing Si into GaN to form a heavily doped n ϩ -GaN surface layer, Lin et al. 17 have observed electron tunneling occurring at the metal/n ϩ -GaN interface. In this study, Ti/Al/Pt/Au ͑30/100/50/150 nm͒ metal contacts were deposited onto Si-implanted GaN:Mg films with an electron concentration of 5ϫ10 19 cm Ϫ3 by e-beam evaporation. After metal deposition, samples were alloyed in N 2 -ambient with temperatures ranging from 500°C to 650°C for 5 min. Noting that all I-V curves exhibit Ohmic behavior even for the nonalloyed sample ͑not shown here͒. Such a result implies that Ohmic characteristic without an apparent barrier to current flow can be achieved for the nonalloyed Ti/Al/Pt/Au contacts on the Si-implanted GaN:Mg. In other words, a significant band bending will give rise to a narrow barrier width, allowing easy passage of electrons via tunneling, and thus a good Ohmic characteristic. Specific contact resistance, c , was calculated by measuring the resistance vs the distance between TLM pattern rings. As shown in Fig. 5 , it was found that c was about 5ϫ10 Ϫ5 ⍀ cm 2 for the as-deposited sample. It was also found that with a proper 600°C alloying for 5 min in N 2 ambient, we can reduce the value of c down to 1.5ϫ10 Ϫ6 ⍀ cm 2 . Such a reduction is attributed to the formation of an interfacial layer at the Ti/GaN interface by solid-state reaction during thermal alloying. In addition, aluminum could diffuse through the Ti layer to also react with GaN and form Al-containing interfacial compounds. 18 Another possible reason for the lower c is the removal of the native oxide layer by interfacial reaction during thermal alloying. On the other hand, as the alloying temperature is higher than 600°C, the c value increased again, as also shown in Fig. 5 . Such a phenomenon is attributed to the poor adhesion between metallic contact and GaN surface since the low melting point of Al would degrade the metallic contacts on GaN at high temperatures. 18 Although the mobility of Si-implanted GaN:Mg is still smaller than that of the MOVPE-grown Si-doped GaN with the same carrier concentration, the n ϩ -GaN has been successfully created by Si implantation into GaN:Mg. Figure 6 shows the I-V characteristic of the GaN n ϩ -p junction created by 28 Si ϩ implantation into GaN:Mg, followed by postimplantation thermal annealing at 1000°C in N 2 ambient. The inset in Fig. 6 shows the schematic structure of the GaN n ϩ -p junction. For this GaN n ϩ -p junction diode, Ni/Au ͑Ref. 19͒ and Ti/Al/Pt/Au were used as the p-and n-type electrode, respectively. It was found that the turn-on voltage and series resistance of this implanted n ϩ -p junction are much larger than those values reported from GaN n ϩ -p junctions prepared by normal epitaxial growth. This could be attributed to the degradation of p-type contact during the 1000°C thermal annealing. Such a high temperature annealing would cause a severe surface dissociation, and therefore results in poor p-type Ohmic contacts. Thus, it might be necessary to implement an Al capping layer so as to improve the electrical characteristics of these GaN n ϩ -p junctions prepared by Si ion implantation. 
III. RESULTS AND DISCUSSION

IV. CONCLUSION
In summary, 28 Si ϩ implantation has been performed to create a n ϩ -GaN layer on p-type GaN. The carrier concentration of the films changed from 3ϫ10 17 cm Ϫ3 ͑p-type͒ to 5ϫ10 19 cm Ϫ3 ͑n-type͒ when the Si-implanted p-type GaN was properly annealed in N 2 ambience. It was found that the activation efficiency of Si in Mg-doped GaN is as high as 27% when annealed at 1000°C. Such a GaN n ϩ -p junction is potentially useful in lateral GaN-based bipolar junction transistor on an insulating substrate.
